The study was undertaken to assess whether seedling age played any role in governing the vulnerability of tomato to the bacterial wilt pathogen, Ralstonia solanacearum, based on the preliminary observations that the extent of mortality during seedling-stage screening was relatively less in older seedlings. Employing the virulent strain 'NH-Av01' isolated from tomato, 2-, 3-, 4-or 5-weekold seedlings of susceptible 'Arka Vikas' raised in organic cocopeat in 98 cavity protrays were inoculated with the pathogen through root-injury inoculation approach. Disease symptoms appeared earlier and with more severity in 2-week-old seedlings followed by 3-, 4-and 5-week-old saplings recording 74%, 68%, 63% and 49% mortality, respectively, after four weeks of inoculation suggesting that older the seedlings, less the susceptibility to the pathogen. The growth characteristics of seedlings (shoot height, shoot and root weights) showed a significant increase with seedling age (0.21, 0.54, 1.14 and 2.09 g gross weight/seedling at 2, 3, 4 and 5 weeks, respectively) indicating healthier saplings with delay in inoculation time. In subsequent trials, seedlings of 3, 4, 5 or 6 weeks were transplanted to field-sick soil in protrays or in pots with monitoring for 1 -4 months which indicated a significant reduction in disease incidence and severity with increase in seedling age. The observations suggested that seedling age should be considered as a major factor influencing the susceptibility of tomato seedlings to R. solanacearum with the chances of variations in the extent of disease incidence or inconsistent results during seedling-stage screening and the possibility of escapes with older seedlings. Two-week seedlings formed the best when the aim is to induce maximum disease incidence, while transplanting at 5 -6 weeks stage appeared the best when the objective is minimal disease incidence or formulating disease management strategies.
Introduction
Wilt caused by the bacterial pathogen, Ralstonia solanacearum is a serious limiting factor affecting the cultivation of tomato world over [1] [2] . The pathogen has a wide host range and is able to survive in soil, crop debris or weed hosts making the disease control a cumbersome process except for the use of disease resistant varieties [1] - [3] . It is essential to evolve disease management practices to facilitate the growing of wilt-susceptible otherwise superior genotypes. Practices like crop rotation, use of antagonistic microorganisms and soil amelioration are adopted towards this objective [1] [3]- [6] .
Ralstonia solanacearum colonizes the host in the vascular elements interfering with the movement of water and nutrients [1] - [3] . The primary route of infection is roots which are injured at transplanting, during cultural operations or through the action of nematodes and other pests [1] [4] . Tomato being essentially a transplanted crop, injury to roots at field planting is often inevitable. With the practice of growing the seedlings in organic planting medium in protrays, it has been possible to plant them in the field with the intact ball of cocopeat thereby minimizing the chances of root injury.
Evaluating different seedling-stage inoculation methods for screening tomato (Solanum lycopersicum) genotypes against R. solanacearum, we have observed that direct delivery of inoculum to the shoot tissue interfered with the resistance characteristic of proven resistant genotypes [7] . Root-injury and inoculation on two-week-old seedlings appeared the best approach to facilitate the discrimination between known resistant and susceptible genotypes with the knocking down of most of the susceptible plants before field planting. While undertaking screening trials with the root-injury inoculation approach, the disease incidence appeared to be less than the normally expected levels in some of the trials. A perusal of the data from such trials suggested that the disease incidence was possibly modified by the age of the seedlings used in the screening program. The present investigations were undertaken with a view to assess if the seedling age in tomato at the time of challenge in the nursery or the point of exposure to the pathogen in the field has any influence on the extent to disease incidence or susceptibility to R. solanacearum.
Materials and Methods

Culture of Pathogen and Inoculation Method
Ralstonia solanacearum strain 'NH-Av01' (NCBI Acc. no. KJ412034) isolated from the bacterial ooze of a wilted 'Arka Vikas' plant was used as the pathogen. The culture was stored as glycerol stocks at −80˚C and revived on Kelman [8] medium. The media constituents, namely, bacteriological peptone (RM 001-500G), casein enzyme hydrolysate-Type II (CR 028-500G), dextrose (RM 077-500G) and bacteriological agar (RM 006-500G) were sourced from Hi Media BioSciences Mumbai, and 2,3,5-triphenyl tetrazolium chloride (TTC) from Sigma-Aldrich, St. Louis, MO, USA. These descriptions are given based on the observations that the colony characteristics and virulence of the pathogen could be altered with the source of media constituents (Thomas and Upreti, unpublished results). The TTC stock (100 mg•ml −1 ) after filter-sterilization was stored as aliquots of 1.25 ml at −20˚C, and incorporated to 250 ml of autoclaved and cooled medium just before pouring. The −80˚C glycerol stock was spotted on Kelman-TTC (KM-TTC) medium and used for the preparation of inoculum after 2 days at 30˚C which showed fluidy white colonies with red center [8] .
Plant Material
Tomato cv. Arka Vikas released from this Institute was employed as the standard susceptible genotype [7] . The seedlings were raised in 98 cavity portrays in pasteurized cocopeat, a common coconut husk-based organic growing medium for raising vegetable seedlings (M/s Varsha Enterprises, Bangalore, India) as described else-where [7] . All the experiments were conducted under glass house conditions.
Inoculation of Seedlings of Different Age Groups
Seedlings of 2, 3, 4, and 5 weeks from the date of sowing in protrays were employed for root-injury inoculation as per Thomas et al. [7] . Briefly, the roots were injured by inserting a No. 22 scalpel blade on one side of the seedlings about 1 cm away from the base followed by drenching with 2 ml of 0.1 OD (A 600 nm ) inoculum prepared in autoclaved distilled water. Seedlings of different age groups were challenged with the same lot of inoculum. This warranted seed sowing staggered over 4 weeks with separate protrays for different treatments. There were seven replications with 14 seedlings per replication. The control set included seedlings grown under identical conditions without applying the inoculum. The extent of disease incidence was assessed weekly for four weeks based on the extent of irreversible witling or mortality (%). The experiment was repeated twice. Another experiment was set up under identical conditions where the seedlings were given simple cocopeat soaking inoculation without imparting injury to the roots [7] .
Assessment of Seedling Growth
The growth characteristics of seedlings belonging to 2-, 3-, 4-or 5-week age groups were assessed from a set of seedlings grown under identical conditions. In this trial, the seeds were sown at the same time with the sampling staggered over 4 weeks. Shoot height, root length and fresh weight of shoot, root and whole seedlings were recorded after destructive sampling employing seven replications with 14 seedlings constituting one replication.
Transplanting to Sick Soil in Protrays
The seedlings normally come in contact with the pathogen at the time of field transplanting. With the protraygrown seedlings, this normally occurs by 3 -4 weeks. Based on the observations that the disease incidence was relatively less in older seedlings in protray screenings, the transplanting of seedlings of different age groups to the sick-soil was envisaged. Seedlings of two weeks were not included in this trial as they are too delicate for transplanting. On the other hand, 6-week-old seedlings were considered to confirm the age effect. The seedlings were raised in 98 cavity protrays (without pathogen challenge) with staggered sowing and 3-, 4-, 5-or 6-weekold seedlings with the intact ball of cocopeat were transplanted to 50-cavity protrays providing a thin layer of pathogen-sick soil at the bottom and filling the sides with the same. The sick-soil was prepared by mixing the soil collected from the rhizosphere of wilted tomato plants with sand and cocopeat in equal proportions (v/v) and further fortification with 100 ml of 0.1 OD bacterial inoculum per Kg of mixture. The inoculum level in the transplanting medium was assessed on SMSA medium [9] through the spotting-and-tilt-spreading (SATS) approach [10] registering a CFU of 10 6 to 10 7 g −1
.
The extent of seedling survival in different age groups was monitored at fortnightly intervals for 6 weeks.
Extended Monitoring in Pot Culture
Seedlings from the age groups of 3, 4, 5 and 6 weeks were transplanted to 6-inch black plastic pots filled with the pathogen sick-soil as above. There were five replications with five plants per replication. The plants were monitored for three months under glasshouse conditions for disease incidence.
In a subsequent trial, 3-week-old seedlings were transplanted to sick soil in pots and once these plants were knocked down by 3 weeks, the pots were re-planted with seedlings of the same batch which by this time have turned 6 weeks. There were 30 plants altogether and the extent of disease incidence/mortality was recorded for 3 months. A subsequent trial had 3-, 4-, 5-or 6-week-old seedlings transplanted to 10-inch earthen pots containing sick-soil (10 per treatment). The plants were monitored till flowering and fruiting for 4 months.
Statistical Analysis
Data were analyzed for single factor ANOVA employing the data analysis package of Microsoft Excel-2007 as earlier [7] . The response of different age groups was assessed based on the extent of mortality on the scale: ≤10%, high resistance (HR); 10% -40%, moderate resistance (MR); >40% to 70%, moderate susceptibility (MS) and >70%, high susceptibility (HS) [7] .
Results
Response of Seedlings of Different Age Groups at Protray Screening
Comparing the 2 -5-week-old seedlings of Arka Vikas through root-injury inoculation, the younger the seedling, the more was the susceptibility to the pathogen (Figure 1) . Disease symptoms appeared earlier and with more severity in 2-week-old seedlings followed by 3-, 4-and 5-week-old saplings registering 65%, 38%, 35% and 19% mortality, respectively, after two weeks of challenge. By 4 weeks, the extent of mortality in the first three age groups appeared almost similar, but it was relatively less in 5-week-old seedlings with the maximum plant stand (74%, 68%, 63% and 49% mortality, respectively). Thus, the same genotype under identical conditions was rated as HS (3-week-old) or MS (4-, 5-and 6-week-old) based on the seedling age. The two repeat trials with root-injury inoculation endorsed the observation that younger seedlings were more susceptible to the pathogen while the older seedlings displayed more tolerance (Data not shown). The trial adopting mere cocopeat drenching inoculation without root injury showed similar results on the intensity of disease incidence in relation to the seedling age but the overall disease incidence was low compared with root-injury-inoculation classifying them as HR (4-and 5-week-old) or MR (2-and 3-week-old) depending on seedling age and inoculation method (Figure 2) . The results altogether indicated that seedling age in protrays was a crucial factor governing the susceptibility of tomato seedlings to the pathogen. Two weeks seedlings formed the best stage when the aim was to induce maximum disease incidence while 4 -5 weeks age appeared the best if the objective was minimal disease incidence.
Growth Characteristics of Seedlings of Different Age Groups
With the advancement in the age of seedling, there was a significant increase in all the growth characteristics such as shoot height, shoot weight, root length, root weight and overall seedling weight ( Table 1) . Ralstonia being a root-invading pathogen, root growth characteristic was considered to be of more significance. Between 2 and 3-week-old seedlings, there was a fourfold increase in root weight, threefold rise between 3 -4 weeks and a two-fold increase during 4 -5 weeks stage with the root weights of 14, 59, 146 and 273 mg for 2-, 3-, 4-and 5-week-old seedlings, respectively. The gross seedling weight also showed a significant increase with seedling age (213, 535, 1136 and 2087 mg at 2, 3, 4 and 5 weeks, respectively) indicating healthier saplings with delay in inoculation time.
Seedling Survival after Transplanting to Sick Soil in Protrays
Three to 3.5 weeks old protray seedlings in cocopeat are generally employed for transplanting to the field in the normal course and it is not usual to keep them beyond four weeks. However, transplanting the 3 -6 weeks old seedlings to the sick soil in the protrays indicated that 3-and 4-week-old seedlings were more susceptible to the pathogen registering ≥80% mortality within one week of transplanting ( Table 2 ). Transplanting at 5 -6 weeks stage delayed the appearance of disease symptoms, showed less disease incidence during the 1 -3 weeks period after transplanting and registered relatively low mortality by 4 weeks. A repeat trial, where 3 -6 week-old seedlings were monitored for 6 weeks after their transplanting to sick soil in lager-protrays (32 cavity) endorsed that seedling age was a crucial factor where 3-and 4-week-old seedlings proved highly vulnerable followed by 5-and 6-week-old saplings (Figure 3) .
Pot Culture Experiments
In the initial pot culture trial in 6-inch pots, the seedlings could be monitored till the flowering stage. The 3 weeks old seedlings showed high mortality within 2 -4 weeks of transplanting whereas the 4 -6 weeks old seedlings displayed relatively less disease incidence by 4 weeks after planting ( Table 3) . After 10 weeks, 20% saplings of 6 weeks and 16% saplings from the 5 weeks transplanting showed survival while the respective figures for 4 and 3 weeks old seedlings were only 8% and 4%. The observations thus indicated that seedling age at transplanting to sick soil had a clear effect on the hosts' vulnerability to the pathogen. In a confirmation trial, 3-week-old seedlings were transplanted to sick-soil in pots where all the seedlings showed mortality within 2 -3 weeks. The seedlings from the same protray (6 weeks old by now) which were Table 2 . Description of condition of tomato seedlings of 3, 4, 5 or 6 weeks at transplanting and the extent of mortality (%) following the transplanting to the Ralstonia-sick soil in protrays. Table 3 . The extent of mortality recorded following transplanting of 3 -6 weeks old seedlings of tomato cv. Arka Vikas to Ralstonia sick soil in 6" plastic pots. transplanted to the above-mentioned pots displayed no disease incidence during the monitoring over the next 2 -3 months although these pots had the additional inoculum from the previously knocked down seedlings. These plants came to flowering and fruiting, but none showed symptoms typical of pathogen infection till the end of 3 months.
The trial in earthen pots endorsed that the seedling age had a clear effect on the time taken for disease development. Within a month, 80% of the 3-week-old seedlings and 60% of the 4-week-old seedlings succumbed while 5 and 6 weeks old seedlings showed 60 and 80% survival, respectively. By the end of 4 months, 40% of the plants from the 6 weeks seedlings and 20% of the 5 weeks seedlings showed survival while 3 and 4 weeks seedling sets displayed 100% mortality.
Discussion
The present investigations were initiated based on the variable results on the extent of disease incidence during the protray screenings against Ralstonia in tomato at seedling stage and the preliminary indication that the percent morality in older seedlings was relatively less. The observations during the course of this study have confirmed that the seedlings age played a significant influence in governing the vulnerability of otherwise highly susceptible tomato genotype 'Arka Vikas' to the pathogen [7] . The influence was reflected in the responses to the pathogen both in challenge at the nursery stage in the protrays as well as at the time of transplanting to the field sick soil. The extent of disease incidence appeared to be influenced by the prevailing temperature with relatively less disease incidence during cooler months (Thomas, unpublished data). However, the pattern that younger seedlings were more susceptible remained irrespective of the season of trial. The experiments described in this report were conducted during the summer-autumn months when the day temperatures were in the 25 -35˚C range. Temperature is known to be a factor influencing the response of tomato to Ralstonia [1] [11] .
The observations in this study have two different ramifications. On one part, the variable response of the seedlings of different age groups to the challenge inoculation explains the variations in the extent of disease incidence during the course of seedling-stage screenings against this pathogen. In the point of view of culling the susceptible seedlings, two-week-old seedling stage formed the best for the maximum knock down effect such as in a disease resistance breeding program facilitating the discrimination between susceptible and resistant genotypes [7] . This was also advantageous as the results of the screening trials would become available before undertaking the field transplanting of the crop. On the other part, older seedlings appeared better suited towards disease management programs by minimizing the disease incidence under the field conditions.
Tomato is essentially a transplanted crop and root injury is unavoidable at transplanting, but could be minimized when the seedlings raised in protrays are transplanted to the field with the intact ball of cocopeat. It was not quite clear what factors in the older seedlings contributed to their higher levels of tolerance to the pathogen. Ralstonia being a root-invader, root growth was considered as a prime factor governing the entry/colonization by the pathogen. With the advancement in seedling age, the root growth showed a significant increase besides a significant improvement in overall seedling vigor. Although more root area/volume was available for pathogen entry/colonization with increase in seedling age, the susceptibility to R. solanacearum appeared in the reverse order, possibly because of root tissues turning hardier as the seedlings grew older. Seedlings raised in portray with cocopeat are normally transplanted at 3 -3.5 weeks stage. Maintaining the seedlings for longer duration in protrays is considered to be not ideal. The observations here, however, suggest that keeping the seedlings in the protrays for longer duration could prove advantageous towards disease management in the field. In 5 -6 weeks old seedlings, the roots appeared pot bound. However, following transplanting, they showed good establishment and plant stand.
Conclusion
The seedling age in protrays and at transplanting were found to have significant influences on the susceptibility of tomato to the wilt pathogen, R. solanacearum. Two-week-old seedlings showed the maximum susceptibility and formed the best stage towards knocking down susceptible seedlings such as in a screening programme. On the other hand, delaying transplanting to 5 -6 weeks may help in reducing the vulnerability of seedlings to Ralstonia. Seedling age should be considered as an influencing factor while formulating disease management strategies.
